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Plasmodium falciparum virulence is associated with
sequestration of infected erythrocytes. Microvas-
cular binding mediated by PfEMP1 in complex with
non-immune immunoglobulin M (IgM) is common
among parasites that cause both severe childhood
malaria and pregnancy-associated malaria. Here,
we present cryo-molecular electron tomography
structures of human IgM, PfEMP1 and their complex.
Three-dimensional reconstructions of IgM reveal that
it has a dome-like core, randomly oriented Fab2s
units, and the overall shape of a turtle. PfEMP1 is a
C- shaped molecule with a flexible N terminus fol-
lowed by an arc-shaped backbone and a bulky C ter-
minus that interacts with IgM. Our data demonstrate
that the PfEMP1 binding pockets on IgM overlap with
those of C1q, and the bulkiness of PfEMP1 limits the
capacity of IgM to interact with PfEMP1. We suggest
that P. falciparum exploits IgM to cluster PfEMP1
into an organized matrix to augment its affinity to
host cell receptors.
INTRODUCTION
Immunoglobulin M (IgM) is the natural antibody that participates
in the first line of defense against invading pathogens and there-
fore an antibody response that is conserved in all vertebrates
(Fellah et al., 1992). IgM acts as a receptor when expressed on
the surface of immune cells, and soluble IgM activates comple-
ment pathway to clear pathogens (Ehrenstein and Notley, 2010).
Membrane-bound IgM functions as a dimer whereas pentameric
form is the functional unit of soluble IgM (Tolar et al., 2009). Over-
all, soluble pentameric IgM consists of 70 immunoglobulin do-
mains and a J chain that together assemble into pentameric
form (Perkins et al., 1991). The light chain consists of VL and
CL domains, whereas the heavy chains consist of VH, Cm1,
Cm2, Cm3, and Cm4 immunoglobulin domains. The Cm4 domain
has been also shown to oligomerize membrane-bound IgM on
B cell surfaces (Tolar et al., 2009).CSoluble IgMpresent in serum is primarily pentameric but occa-
sionally hexameric. The pentameric structure helps IgM to form
strong interactions with several binding partners due to its high
valency (Randall et al., 1992). Consequently, IgM binds comple-
ment component C1qwithmuch higher affinity than IgG and thus
acts as a potent activator of the complement pathway. This leads
to either opsonization or lysis through the membrane attack
complex (Randall et al., 1992).
Antigen-specific IgM limits the replication of pathogens and
helps to establish primary B cell generation and enhance im-
mune responses in mouse malaria models (Harte et al., 1983,
1985; Couper et al., 2005). Malaria due to Plasmodium falcipa-
rum is the major cause of human morbidity and mortality in
endemic areas (Snow et al., 2005). Non-immune IgM binding
to the surface of parasitized red blood cell (pRBC) is associated
with the severity of malaria. Because the IgM-binding phenotype
is common among parasites that cause both severe childhood
malaria and pregnancy-associated malaria (Ghumra et al.,
2008; Rasti et al., 2006), non-immune IgM may guide the viru-
lence of infected erythrocytes by modulating their adherence
to receptors in tissues and to uninfected erythrocytes (Scho-
lander et al., 1996; Treutiger et al., 1999).
P. falciparum erythrocyte membrane protein-1 (PfEMP1), ex-
pressed on the surface of pRBC, mediates and modulates the
sequestration of parasitized red blood cells (RBCs) in the deep
microvasculature (Miller et al., 2013; Carlson et al., 1990; Rowe
et al., 1995; Su et al., 1995; Chen et al., 1998). PfEMP1 consists
of many Duffy binding-like (DBL) domains and cysteine-rich in-
ter-domain regions (CIDR; Figure 3G, diagram) that bind to
various receptors on host-cell surfaces. PfEMP1 is anchored
to pRBC through a transmembrane domain. The intracellular
component of PfEMP1 is largely conserved and is rich in acidic
amino acid sequences and is also called acidic terminal
sequence (ATS). Studies have shown that mostly DBLb or
DBLz domains of PfEMP1s bind to IgM, but no conserved
sequence or motif has been observed in the PfEMP1 that binds
IgM. Because antibodies against the Cm4 domain block the bind-
ing of PfEMP1 to IgM, it has been suggested that theCm4 domain
of IgM mediates interactions with PfEMP1 (Ghumra et al., 2008;
Stevenson et al., 2015; Czajkowsky et al., 2010; Barfod et al.,
2011). However, how these molecules interact is not well under-
stood. Hence, in the absence of any signature motif in IgMell Reports 14, 723–736, February 2, 2016 ª2016 The Authors 723
binding to PfEMP1s, it is important to address this interaction at
the molecular level.
FCR3S1.2 parasites form rosettes and bind to IgM; therefore,
we examined the PfEMP1-IgM interaction using cryo-electron
microscopy (cryo-EM) to identify structural determinants that
facilitate this interaction (Fernandez et al., 1998). FCR3S1.2
expresses IT4Var60-PfEMP1 on the pRBC surface (Albrecht
et al., 2011). Its ectodomain consists of 5 DBL domains and a
CIDR1g domain (Figure 3G, diagram). The N-terminal domain
(NTS-DBL1a domain) is known to bind to heparan sulfate
on uninfected RBC. The crystal structure of a homologous
NTS-DBL1a and CIDR1g domain from parasite PaloAltoVarO
(PAVarO) has been derived that had been utilized for structural
alignment (PDB: 2XU0 and 2YK0; Juillerat et al., 2011, Vigan-
Womas et al., 2012). Because both PfEMP1 and IgM are difficult
to crystallize, we first analyzed their apo-structures using cryo-
MET, where we found IgM to be a turtle-shaped molecule. IgM
showed various conformations, but its core was consistently
dome shaped with Fab2s oriented in multiple directions. In
contrast, PfEMP1 is a C-shaped molecule that binds to IgM in
a 1:1 or 2:1 ratio, which is similar to the C1q-IgM association.
Therefore, in the present study, we hypothesized that the binding
of PfEMP1 with IgM, in addition to mediating the clustering of
PfEMP1, may also help malaria parasites block C1q deposition
on IgM and therefore escape IgM-mediated complement lysis
even though the parasite binds to IgM.
RESULTS
IgM Is Turtle Shaped and Dynamic
To understand the structural mode of interaction between IgM
and PfEMP1 that forms an adhesive molecular assembly on
the surface of pRBC, it was important to first derive structural in-
formation of IgM and PfEMP1 alone.
We purified partially pure IgM (ChromaPure, Jackson Immu-
noResearch) using size exclusion chromatography (SEC). IgM
migrated as a symmetric peak on SEC that corresponds to the
size of the pentameric form of the molecule (Figure S1A). The
diffused band pattern of IgM under native-PAGE in comparison
to reducing and non-reducing conditions indicated conforma-
tional variant forms (Figure S1B). Dynamic light scattering (DLS)
measurements further confirmed that IgM is polydisperse and
has an average hydrodynamic diameter of 19–21 nm. To under-
stand this polydispersity, we analyzed negative stained samples
(with 1% uranyl acetate) using transmission electron microscopy
(TEM), which revealed soluble IgM as individual pentameric
particles of variable shape, ranging from round or elliptical to
oblong. The images also revealed that both the Fab2s units
and core of IgM are flexible and thus contribute to the multiple
conformations of IgM (Figures S1C and S2A). The different
conformation that IgM can assume might also be a likely reason
why IgM has not yet been crystallized.
Given that soluble IgM molecules are dynamic and their con-
formations vary substantially (see negative stained images; Fig-
ure S1C), it is important to analyze individual IgMs to avoid map
bias. We used cryo-molecular electron tomography (cryo-MET)
to obtain 3D structures of whole non-immune human IgM, as
this technique allows structural analysis of individual molecules724 Cell Reports 14, 723–736, February 2, 2016 ª2016 The Authorsin dynamic states that could also exist in solution (Walser
et al., 2012; Klaile et al., 2009, Skoglund et al., 1996; Rullga˚rd
et al., 2007). Importantly, comparisons between protein struc-
tures derived using X-ray crystallography and cryo-MET showed
a high similarity in 3D (Gherardi et al., 2006).
For tomographic 3D reconstruction, we prepared vitrified
specimens and collected 30 tilt series comprising 281 projec-
tions spanning70 to +70 degrees, with tilt increments of 0.5 de-
grees, using a Cryo-TEM at 37,0003magnification and1–2 mm
underfocus (Figure S2B). The electron tomograms were visual-
ized using BOB 1.2 (GNU general public license) and X-windows
Tomographic Visualizer (XTV) modified for Unix computing plat-
form. It was used for analyzing molecular weights (volume
rendering), iso-surface rendering, and preparations of final fig-
ures of molecules (Skoglund et al., 1996, 1998). We analyzed
30 independent particles, each from a different tilt series, using
the same number of projections in the tomographic volume (Fig-
ure S2C). The particles have an estimated volume corresponding
to1MDa. Based on all 30 reconstructions, it is evident that IgM
is dynamic but mostly turtle shaped, with randomly positioned
Fab2s units (structure [Str.] 1–30; Figure S2C). Based on the con-
formations of IgM in 3D reconstructions, we classified IgM into
three major classes: extended, turtle shaped and bell shaped.
The extended conformation of IgM (Str. 1 and 24; Movie S1)
has stretched Fab2s units, and the core is planar. The overall
diameter of the molecule (Fab2s-Fab2s) is 29-30 nm (Figure 1A).
IgM Str. 2 and 3 are turtle shaped, and each has a protruding
core with evident convex and concave surfaces and an overall
diameter of 24–25 nm (Figure 1B; Movie S2). IgM Str. 13 and
17 are overall generally bell shaped (an extreme variation of the
turtle shape) with an overall diameter of 15–16 nm (Figure 1C).
Here, Fab2s units cannot be clearly defined (Figure 1C). We
also confirmed such forms of IgM in negative-stained specimens
(shown along with the vitrified specimen reconstruction of IgM,
right panels of Figures 1A–1C).
IgM in extended conformation has an overall diameter of
29 nm. Its core is 16 nm, and the Fab2s pairs are between 7
and 10 nm in length (Figure 2A). Similarly, turtle-shaped IgMs
have a diameter in the range of 24–25 nm (Figure 2C). The depth
of IgM is 11 ± 1 nm, and the thickness of the core is 6–7 nm.
The length of the IgM along its curved body is 24–25 nm with
randomly oriented Fab2s units of 8–10 nm in length (Figure 2C).
The volume of the core is 400 kDa, and the Fab2s units are
100–120 kDa. These measurements are similar to the estimated
size of the core of soluble IgM using small-angle X-ray scattering
(SAXS); however, they are considerably different from measure-
ments reported using AFM on a mica-surface (Perkins et al.,
1991; Feinstein and Munn 1969; Czajkowsky and Shao 2009;
M€uller et al., 2013). Enlarged snapshots of the IgM core show
that turtle-shaped IgMs have visibly distinct convex and concave
surfaces (Figure 2D) not observed in IgMs with an extended core
(Figure 2B).
PfEMP1 Is a C-shaped Molecule
IgM bound to the pRBC surface of P. falciparum clone FCR3S1.2
co-localizeswithPfEMP1,which suggests that theymight interact
(Figure S5B). To study this interaction, we purified the recombi-
nant ectodomain (1–2,284 amino acids) of PfEMP1-ITvar60 from
Figure 1. Human IgM Has Three Major Conformations
3D reconstruction maps of vitrified IgM specimen low-pass filtered at 25 A˚ resolution (left) and their respective XTV maps (middle) in three major conformations:
(A) extended conformation (Str. 1 and 24) with an elongated core, (B) turtle shaped (Str. 2 and 3) with a protruded core, and (C) bell shaped (Str. 13 and 17) with a
U-shaped core (core in blue and Fab2s in light gray). Similar conformations of IgM were confirmed using negative stained specimens of IgM (right panel). The
schematic shape of IgM represents a gradual change in IgM diameter and thickness (light blue). See also Figures S1 and S2.the supernatants ofDrosophilaS2cells stably transfectedwith the
gene encoding PfEMP1. Purified PfEMP1 was mono-disperse
based on SEC and DLS analysis (Figure S3A). Purified PfEMP1
is biologically active, as it binds directly to uninfected RBCs (Fig-
ure S3B) and inhibits rosette reformation in a dose-dependentCmanner with parasites grown in blood group O RBCs, but not in
blood group A RBCs (Figure 3A). We also observed that the hep-
arin dodeca-oligomer has similar effects on rosettes in O RBCs,
but not in A RBCs (Figure S3C). The negative stained specimens
showed PfEMP1 to be a C-shaped molecule with two globularell Reports 14, 723–736, February 2, 2016 ª2016 The Authors 725
Figure 2. Measurement and Analysis of IgM
(A) The 25-A˚ low-pass filtered (top left) and respective XTV map of turtle-shaped IgM (Str. 2). The overall diameter of IgM from Fab2s-Fab2s units is 25 nm. The
diameter of the IgM core is 16 ± 2 nm (blue), and the cavity of the core is6 nm deep. The length along the outer curvature of the core is 24 nm, whereas the inner
curvature is 19 nm, further reflecting the dome-shaped nature of the core. The Fab2s units are 9 ± 2 nm in length (light gray) and are randomly oriented. See also
the cartoons at the bottom of the figure.
(B) A magnified view of the turtle-shaped IgM core shows a distinct convex and concave surface.
(C) The 25-A˚ low-pass filtered (bottom left) and respective XTV map of extended IgM (Str. 1). The overall diameter of IgM from Fab2s-Fab2s units is 30 nm. The
diameter of the IgM core is 16 nm (blue); Fab2s pairs are 9 ± 2 nm in length (light gray) and are randomly oriented. See also the cartoons at the bottom of the
figure.
(D) A magnified view of the extended IgM core is planar, in contrast to the distinct concave and convex surface in the protruded core of the turtle-shaped IgM
shown above.
See also Figures S1 and S2 and Movies S1 and S2.
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ends, one bulkier than the other, connected by a curved back-
bone (Figure 3B).
Because both ends of PfEMP1 were globular, we also puri-
fied active N-terminal end (NTS-DBL1aCIDR1g domain) of
PfEMP1-IT4var60 for tomographic analysis (Figures S4A and
S4B). For structural analysis, we collected tilt series on a vitrified
NTS-DBL1aCIDR1g specimen comprising 281 projections (us-
ing a similar method used for IgM).
We also generated 3D-reconstruction maps for NTS-
DBL1aCIDR1g using a vitrified specimen (Figure S4C). Simulta-
neous docking of the cryo-MET map for NTS-DBL1aCIDR1g
and the X-ray-derived density of NTS-DBL1a (PAvarO: 2XU0)
identified NTS-DBL1a in our double domain map (with 70%
cross-correlation; Figure 3D). More importantly, these homolo-
gousNTS-DBL1apossess 74%sequence identity. The remaining
density observed in the simultaneousdockingwasdue to theextra
CIDR1g domain in our cryo-MET map (Figure 3D; Movie S3).
To analyze the entire ectodomain of PfEMP1, we collected 12
tilt series of vitrified specimens comprising 281 projections
(using a method similar to that used for IgM) and we found
that PfEMP1 is indeed a C-shaped molecule as we observed in
the negative-stained samples (Figures 3C and S3D). The overall
length of PfEMP1 is33 nm (Figure 3G), and the Mr is300 kDa
(calculated280 kDa). Wemanually docked the cryo-METmaps
of the vitrified specimen from NTS-DBL1a-CIDR1g and the
entire ectodomain of PfEMP1 and found that the C-terminal
end is bulkier than the N-terminal end (Figure 3F). We alsomanu-
ally docked NTS-DBL1a from the PAvarO electron density on the
PfEMP1 map and confirmed the above finding (PDB: 2XU0; Juil-
lerat et al., 2011; Figure 3E; Movie S4).
Once we confirmed the N terminus of the molecule, we
measured the dimensions of the globular head and found the di-
mensions of the PAvarO crystal structure in agreement with the
smaller globular end of PfEMP1. Based on this finding, it is clear
that PfEMP1 has a globular NTS-DBL1a of 50–60 kDa with
approximate dimensions of 8.1 3 5.8 nm 3 5.5 nm. A very
slender linker of 1–2 nm in width (the most slender part of the
molecule) defines the connection between NTS-DBL1a and the
downstream domain CIDR1g (cyan; Figure 3G). The backbone
of PfEMP1, consisting of domains CIDR1g-DBL2g-DBL3b,
forms an arc (estimated volume120 kDa) and appears to define
the rigid arc of PfEMP1, as seen in all PfEMP1maps (cyan in Fig-
ure 3G; see also Figure S3D). Furthermore, themanual alignment
of NTS-DBL1a-CIDR1g with the whole PfEMP1 map clearly
shows that the NTS-DBL1a-CIDR1g fragment by itself is more
flexible than PfEMP1 (Figure 3F), suggesting that domains down-
stream may be instrumental for maintaining the signature arc of
the molecule. In contrast, the C terminus of the ectodomain
(DBL4ε-DBL5ε) was globular and was the widest part of PfEMP1
(10 nm; orange in Figure 3G). When ten independent maps of
PfEMP1 were averaged, the resulting structure maintained the
C shape (Figures 3H, S3D, and S3E). However, the structure
lost the beady pattern and the slender neck helpful for domain
identification, possibly due to slight differences in local geome-
tries of different particles (Figure 3H, PfEMP1 Strav; Figure S3E).
The dimensions of our averaged PfEMP1 are similar to measure-
ments of IT4var13 and HB3var06 using SAXS (Stevenson et al.,
2015; Brown et al., 2013).CPfEMP1 Makes a Complex with IgM in a 1:1 or 2:1 Ratio
To study the PfEMP1-IgM interaction, we analyzed their complex
after stabilizing it with 0.4% formaldehyde. We resolved the
complex on agarose gels (0.7%) stained with Coomassie that
showed a super-shift in the complex lane unlike IgM or PfEMP1
alone, suggesting the presence of both components in the com-
plex band (Figure 4A). The time-course analysis clearly shows
that the IgM-PfEMP1 complex undergoes a dynamic equilibrium
that favors smaller, functionally more stable complexes (Fig-
ure 4A). Native-PAGE followed by immunoblot analysis of the
complex at 20 min of incubation suggests 1:1 and 2:1 interac-
tions between PfEMP1 and IgM that is similar to analytical ultra-
centrifugation based analysis (Figure S5A; Stevenson et al.,
2015). However, in the absence of any further biochemical or
structural information about the PfEMP1-IgM interaction, we
could not explain the reason for this stoichiometry when five po-
tential binding sites are present on IgM. Therefore, to further
examine this interaction, we resolved this complex on SEC that
showed a peak shift, suggesting the formation of a higher-mo-
lecular-weight complex. We confirmed the presence of both
PfEMP1 and IgM in the new peak of complex using dot-blot anal-
ysis (Figure 4B).
We collected the peak fraction of SEC to analyze the com-
plexes. Negative-stained specimens showed the existence of
both 1:1 and 2:1 interactions between PfEMP1 and IgM (Fig-
ure 4C). To further investigate this complex and derive cryo-
MET 3Dmaps, we collected 11 tilt series with vitrified specimens
comprising 281 projections (using a similar method as used for
IgM). Based on the analysis of 3D reconstructions of vitrified
specimens of the PfEMP1-IgM complex, we found that PfEMP1
binds to IgM on the concave side where C1q interacts with IgM
(Figures 4D and S5D). Based on the analysis of the 1:1 and 2:1
PfEMP1-IgM complexes, it is clear that the bulky C-terminal
globular end (DBL4ε-DBL5ε) of PfEMP1 interacts with the con-
stant regions of IgM (Figures 4D, 4F, S5D, and S5E; Movies S5
and S6). The PfEMP1-IgM complex in a 1:1 ratio very clearly
shows that the bulky end of PfEMP1 makes initial contact with
IgM (Figure 4D), and in some of the complexes, it sits in the
IgM core and quite evidently does not leave enough space for
five PfEMP1s, explaining the lower stoichiometry (Figure 4E).
Further, in the complexes, although the overall length of PfEMP1
remained the same, the PfEMP1 backbone (consisting of
CIDR1g-DBL2g-DBL3b) appeared straighter (close to L shaped)
in a complex than when studied alone. In complexes where one
IgM brought two PfEMP1s together, the IgM dome also ap-
peared more prominent compared to the relatively extended
cores in the 1:1 complexes (Figures 4D and 4F).
DBL5ε Mediates the PfEMP1-IgM Interaction
To further dissect and establish the precise interaction, we puri-
fied single- and double-domain his-tagged proteins consisting of
DBL4ε, DBL5ε, and DBL4ε-DBL5ε (Figure S6). Their binding ca-
pacities with IgM were studied using ELISA. DBL5ε and DBL4ε-
DBL5ε bound to IgM in a dose-dependent manner, whereas
DBL4ε alone and negative control proteins did not bind to IgM
(NTS-DBL1a-CIDR1g, BSA) (Figure 4G). This finding, together
with our cryo-MET structures, clearly suggests that DBL5ε is crit-
ical for the interaction of PfEMP-1 with IgM. To further examineell Reports 14, 723–736, February 2, 2016 ª2016 The Authors 727
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the interaction between DBL5ε and IgM, we resolved cross-
linked complexes with native PAGE and observed that DBL5ε
and IgM also interacted in a preferred ratio of 1:1 or 2:1, as did
the full-length ectodomain of PfEMP1 with IgM (Figure 4H).
Therefore, our data confirm that the most favorable stoichiom-
etry of the interaction between DBL5ε of PfEMP1 and IgM is
also 1:1 or 2:1. This finding may explain why the DBL5ε size reg-
ulates the PfEMP1-IgM stoichiometry, possibly due to the large
globular structure of this end (Figure S5F, suggested soluble
model).
Serum IgM Mediates the Clustering of PfEMP1 on the
pRBC Surface
To confirm whether the IgM bound to PfEMP1 on the pRBC sur-
face avoids C1q deposition, we simultaneously maintained
FCR3S1.2R+ (rosetting) in heat-inactivated normal serum (HI-
NS) as well as normal serum (NS; not heat inactivated) for five cy-
cles and did not register any lysis even though the complement
factors were present and active in the growth media as shown
using sensitized sheep RBC lysis assay (Figures 5A, 5B, and
5D). However, the rosetting rates were 30% higher in NS
compared to HI-NS for the FCR3S1.2R+ parasite culture (Fig-
ure 5C). FCR3S1.2R (non-rosetting) was used as negative con-
trol for both the experiments as it does not rosette due to loss of
IT4var60-PfEMP1 expression (Goel et al., 2015). It also does not
bind IgM and therefore is not under threat of IgM-mediated com-
plement activation. Since this FCR3S1.2R+ rosetting increased
by 30% in NS, we tested if active complement factors in NS
could act as bridge for PfEMP1 and CR1 interaction. However,
while we observed significant rosette disruption with the R29
parasite in the presence of a CR1 monoclonal antibody (Rowe
et al., 2000), we did not observe disruption of rosettes formed
by FCR3S1.2R+ parasite (HI-NS as well as NS; Figure 5E).
Also, FCR3S1.2R+ parasites that had IT4var60 expression
stained positive for IgM but did not stain for C1q (Figure 5F).
Further, to establish that IgM clusters PfEMP1 on the pRBC
surface, we depleted IgM from human serum using an IgM puri-
fication column and confirmed the absence of IgM by immuno-
blot analysis using anti-IgM antibodies (Figures 6A–6C). Then,
we tested normal human serum (NS) and IgM-depleted human
serum (NS-IgM) for their rosette reformation ability. The rosette
reformation ability of FCR3S1.2 in NS and NS-IgM was largelyFigure 3. PfEMP1 Is a C-shaped Molecule
(A) Recombinant PfEMP1 inhibits rosette reformation in FCR3S1.2 parasites grow
respect to controls, wherein no protein was added, and the graph was plotted a
(B) Images of the negative stained specimens of PfEMP1 along with a schematic
(C) 3D reconstruction maps of vitrified PfEMP1 specimens that were low-pass fi
(D) Simultaneous docking of NTS-DBL1a density (derived from PDB code 2X
reconstruction of vitrified specimens (IT4Var60-PfEMP1; see also Figure S4).
(E) Manual docking of NTS-DBL1a electron density (derived from PDB code 2X
specimens (IT4Var60-PfEMP1).
(F) Manual alignment of cryo-MET densities of NTS-DBL1a-CIDR1g and PfEMP1
(G) PfEMP1 consists of a small globular NTS-DBL1a head structure (green), a bac
(orange), also shown in a schematic domain diagram inwhich the numbers depict
in length. NTS-DBL1a is 83 53 5 nmwith a linker of2 ± 1 nm that connects to C
molecule.
(H) Sub-tomogram averaging of ten PfEMP1 maps (pink), low-pass filtered at 20
See also Figures S3 and S4, Table S1, and Movies S3 and S4.
Cunaffected (15%–20% reduction; Figures 6E and 6F). We also
tested the affinity between PfEMP1 and its receptor on unin-
fected RBC in IgM-depleted serum using heparin 12-mer (a sol-
uble and specific competitor of heparan sulfate). Interestingly, in
NS-IgM, 48 mg/ml of the heparin 12-mer disrupts 50% of the ro-
settes compared to 375 mg/ml of heparin 12-mer needed to
achieve a similar effect in NS (8-fold; Figure 6E). Similarly, we
assessed the ability of NS or NS-IgM to form rosettes in the pres-
ence of recombinant PfEMP1. In NS-IgM, 125 mg/ml of the re-
combinant PfEMP1 was sufficient to inhibit 50% of the rosettes
formed compared to 500 mg/ml of PfEMP1 required in NS (4-fold;
Figure 6F). In both of the experiments, the thoroughly washed
parasite without serum did not show any rosetting even after
2 hr. IgM purified from serum after SEC alone did not mediate
rosette reformation even at 2 mg/ml (Figure 6D).
DISCUSSION
We present the cryo-MET structure of human IgM, PfEMP1 and
their complex to understand the molecular interplay between
PfEMP1 and IgM. As we understand that the flexibility of natural
IgM is instrumental to its function, its J chain imparts restriction
to its level of flexibility (Perkins et al., 1991). Based on our 3D re-
constructions and negative-stained images, we conclude that
IgMs are generally not planar and have randomly oriented
arms. Torsional stress due to the randomly oriented Fab2s units
could lead to distorted IgM cores, which results in three major
classes of IgMs (Figure 1): extended (Str. 1 and 24), turtle shaped
(Str. 2 and 3), and bell shaped (extreme form of turtle back;
Str. 13 and 17). It is furthermore interesting to note that an
extended IgM has a 29 nm diameter compared to the turtle-
shaped IgM, which is 24–25 nm wide due to a curved architec-
ture. Furthermore, bell-shaped IgMs have a diameter in the
range of 15–17 nm, clearly showing the flexibility of IgM. Accord-
ingly, the increase in the thickness of the bell-shaped IgM core is
evident. Similarly, three major conformations of IgM were pro-
posed based on in silico modeling and the analysis of energy
associated with IgM (Czajkowsky and Shao, 2009). To our
knowledge, this is the first experimental report that shows IgM
in such multiple conformations. The majority of IgMs have a pro-
truded core that leads to the formation of distinct convex and
concave surfaces. The dome or protruded region of IgM in ourn in blood group O but not in blood group A. Rosetting rates were scored with
s the mean of three independent experiments (***p < 0.0001).
diagram; scale bar, 20 nm.
ltered at 20 A˚ resolution (left) and the XTV map (right; Str. 1).
U0, from PAVarO) and the NTS-DBL1a-CIDR1g domain obtained from 3D
U0, from PAVarO) and PfEMP1 obtained from 3D reconstruction of vitrified
(Str. 1).
kbone of CIDR1g-DBL2g-DBL3b (cyan), and a bulkier globular DBL4ε- DBL5ε
the borders of different structural domains of PfEMP1. Overall, PfEMP1 is 33 nm
IDR1g. The bulkier DBL4ε-DBL5ε is 10 nmwide, which is the widest part of the
A˚ resolution (see also Figures S3D and S3E).
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Figure 4. One or Two PfEMP1s Interact with Each IgM
(A) IgM, PfEMP1, and their mixture in a 1:5 molar ratio were incubated in the presence of formaldehyde (zero length crosslinker, 0.4%) for 0, 10, and 20 min and
resolved on 0.7% native agarose-gel electrophoresis. Coomassie staining revealed the formation of higher-molecular-weight complexes stabilizing in 20 min.
(B) The PfEMP1-IgM complex mixture resolved on size-exclusion chromatography (SEC; Vo, void volume) migrated at 11 ml (IgM, 14.3 ml; PfEMP1, 16.2 ml; IgG,
20 ml). Dot-blot analysis of the complex peak showed the presence of both PfEMP1 (using an anti-V5 antibody against the V5 epitope in the C terminus of
PfEMP1) and IgM (using anti-human IgM antibody) in the complex peak.
(C) Images of a negative-stained specimen of the PfEMP1-IgM complex in a 1:1 ratio (top) and 2:1 ratio (bottom) along with their schematic model (IgM-blue,
PfEMP1-orange, NTS-DBL1a green); scale bar, 20 nm.
(D) 3D reconstruction maps of vitrified specimens of the PfEMP1-IgM complex in a 1:1 ratio low-pass filtered at 25 A˚ resolution (left) and their XTV map (right; Str.
1). The C terminus of PfEMP1 (orange) and IgM (blue) form the junction of the complex, whereas NTS-DBL1a (green) remains exposed.
(E) A magnified view of the PfEMP1-IgM junction from a 1:1 complex Str. 1 shows initial contact, whereas the junction from 1:1 complex Str. 5 (also in Figure S5D)
shows the C terminus of PfEMP1 completely sitting on the IgM core.
(F) 3D reconstructionmaps of vitrified specimens of the PfEMP1-IgM complex in a 2:1 ratio low-pass filtered at 25 A˚ resolution (left) and the XTVmap (right; Str. 1).
The C terminus of PfEMP1 (orange) and IgM (blue) form the junction of the complex, whereas NTS-DBL1a (green) remains exposed.
(G) Binding of recombinant DBL domains of PfEMP1 (DBL4ε, DBL5ε, and DBL4ε-5ε) to IgM by ELISA. NTS-DBL1a-CIDR1g and BSA served as negative controls.
The results are plotted as mean of three independent experiments performed in triplicate.
(H) Immunoblot analysis of IgM, DBL5ε, and, IgM-DBL5ε complexes resolved on native-PAGE and detectedwith an anti-His antibody. DBL5ε and IgMweremixed
in 5 (+): 1 or 10 (++): 1 molar excess. DBL5ε and IgM alone were used as controls. Native-PAGEmolecular standards (Invitrogen) were also resolved to identify the
sizes of the complexes formed.
See also Figures S5 and S6, Table S1, and Movies S5 and S6.
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Figure 5. PfEMP1 Binding to IgM Avoid C1q Deposition on the pRBC Surface
(A) Immunoblot analysis of non-heat-inactivated human serum using anti-C1q and C1r antibodies.
(B) Complement-mediated lysis assay (CH50 assay) to show lysis of sensitized sheep RBC in normal serum (NS) and heat-inactivated serum (HI-NS). Positive
control plasma and negative control buffer were provided by the manufacturer.
(C) The average rosetting rate of FCR3S1.2 R+ and FCR3S1.2 R grown for five cycles in 10% heat-inactivated (HI-NS) and normal human serum (NS) in RPMI.
The graph is represented as % rosetting with respect to HI-NS; **p < 0.001; error bars ± SEM.
(D) Percent parasitemia of FCR3S1.2 R+ and FCR3S1.2 R grown for five cycles in 10% HI-NS and NS in RPMI.
(E) Rosette disruption of FCR3S1.2 grown in NS andHI-NS using anti-CR1monoclonal antibody (against C3b binding region). R29 parasiteswere used as positive
controls. ***p < 0.0001.
(F) Immunofluorescence analysis (IFA) of live FCR3S1.2 using anti-C1q antibodies and IgM-Alexa 488 (green). C1q was further detected using anti-mouse
conjugated with Alexa Fluor 594 (red). Nuclei were stained with DAPI (blue).reconstructions is asymmetric, and the Fab2s units are often
fewer than five and appear unequal in length. Perkins et al., re-
ported similar observations, wherein they could achieve the
best SAXS fitting agreement with the asymmetric Fc5 (similar
to a dome) and the sideways rotation of neighboring Fab2s unitsC(Perkins et al., 1991). In agreement with the previous hypothesis
based on SAXS measurements, we confirm that in solution, the
asymmetry of the Fab2s units does exist.
PfEMP1 is an overall C-shaped molecule with two globular
ends, one bulkier than the other, connected by a curved arc.ell Reports 14, 723–736, February 2, 2016 ª2016 The Authors 731
Figure 6. IgM Clusters PfEMP1 on the pRBC Surface
(A) IgM was removed from NS using an IgM binding column, and the samples were resolved on native-PAGE and stained with Coomassie blue R-250. L, load; F,
flow-through; W, wash; and E, elute.
(legend continued on next page)
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We observed in our native PAGE, immunoblot analysis, and SEC
migration that one or two PfEMP1s could likely form a complex
with IgM. We also found that PfEMP1 interacts with the base
of the Fab2s units of IgM, and the bulky C terminus (DBL5ε) of
PfEMP1 initiates this interaction and sits in the concave cavity
of IgM. Because DBL5ε is 10 nm wide and the IgM core is only
16–17 nm wide, DBL5ε limits this interaction to a 1:1 or 2:1 ratio
with IgM, although the latter may have potentially five PfEMP1
binding sites (Figures 5I and S5F). Due to the presence of the
bulky C terminus in the PfEMP1 of the HB3 parasite, as shown
by SAXS analysis (Stevenson et al., 2015), we further hypothe-
size that this could also be the likely reason that HB3Var06 inter-
acts with IgM in a similar stoichiometry. The binding sites of
PfEMP1 on IgM are similar to those of C1q (step for complement
activation pathway), where only twoC1qs (of its hexamer) bind to
the Cm3 region of IgM due to steric hindrances much like we
observed in our PfEMP1-IgM 2:1 interaction (Perkins et al.,
1991; Wright et al., 1990; Chen et al., 1997).
Quite interestingly, the PfEMP1molecule binds to the concave
surface of IgM (which is also a C1q binding site), unlike what was
previously suggested through modeling studies (Ghumra et al.,
2008; Czajkowsky et al., 2010). Similar to the IgM-C1q interac-
tion, we also observed changes in the shape of the dome
when two PfEMP1s interact with IgM. In addition, in the 1:1 com-
plex, the bulky DBL5ε domain of one PfEMP1 interacts through
the concave side of IgM. This interaction may have implications
for the parasite’s ability to block C1q deposition, even though
non-immune IgM is bound to the infected erythrocyte surface.
Additionally, the growth and maintenance of the parasite in
normal NS for an extended period of time did not have any dele-
terious effect on the survival rate as well as rosetting capacity.
That there was no C1q deposition on the parasitized RBC sur-
face grown in normal human serum (NS; not heat inactivated)
further confirms that PfEMP1 may occupy C1q binding sites on
IgM, which is also evident from the IgM-PfEMP1 complex maps.
The requirement of an 8-fold lower concentration of heparin
12-mer to disrupt 50% of rosettes and, similarly, a 4-fold lower
concentration of recombinant PfEMP1 to inhibit 50% of rosette
reformation in IgM-depleted human serum (NS-IgM) clearly sug-
gests a significantly reduced affinity between PfEMP1 and its re-
ceptor on uninfected RBCs in the absence of IgM. This finding
indicates that IgM mediates clustering of PfEMP1 on the pRBC
surface. The structural evidence and IFA results show that the
binding of IgM to PfEMP1 does not mask the adhesive head(B) Immunoblot analysis of above samples using horseradish peroxidase (HRP)-
(C) SEC fractions of IgM purified from human serum using an IgM binding colum
(D) Rosette reformation of FCR3S1.2 in the presence of NS or IgM purified from
(E) A rosette disruption assay of FCR3S1.2 using 12-mer heparin in either NS or N
NS or NS-IgM for 1.5 hr at 37C for rosettes to reform. After rosette reformation, th
rosetting rate was scored, and the graph was plotted as percent rosetting rate
disruption obtained with 12-mer heparin in NS and NS-IgM.
(F) A rosette reformation inhibition assay of FCR3S1.2 was performed using re
washed and incubated with either NS or NS-IgM in the presence of an increasing
the graph was plotted as percent rosetting rate with respect to rosetting rate in N
PfEMP1 in NS and NS-IgM.
(G) Schematic diagram of PfEMP1-IgM interaction on the pRBC surface. Interactio
organized matrix that augments affinity for host cell receptors. PfEMP1 (orange) i
and may align in various possible orientations. C1q (pink) is unable to bind to IgM
Cstructure from recognition by anti-NTS-DBL1a-CIDR1g anti-
bodies (Figure S5B; Stevenson et al., 2015). Together, our data
suggest that P. falciparum may exploit serum IgM to its own
advantage to cluster PfEMP1 into an organized matrix on the
pRBC surface, thereby augmenting the binding of PfEMP1 to
host cell receptors on uninfected RBCs (model in Figure 6G).
Additionally, by occupying the C1q binding site of IgM through
the binding of the membrane proximal domain of PfEMP1
(DBL5ε), the malaria parasite avoids IgM-mediated lysis. In
conclusion, P. falciparum employs host serum proteins to
enhance its capacity to sequester and parasitize the human host.
EXPERIMENTAL PROCEDURES
Cryo-EM Data Collection
Electron microscope grids with holey carbon filmwere glow discharged for hy-
drophilic treatment. Purified samples were mixed with thoroughly washed
colloidal gold particles in a 3:1 ratio for alignment purpose. 1.5–2.0 ml sample
was dispensed on to grids in a controlled environment (vitrobot) at 4C and
80%–90% humidity. Excess solution was blotted away with glass-fiber filter
paper and plunged into liquid ethane to produce a very thin, vitrified ice layer
(Adrian et al., 1984). The sample was covered with c-ring and c-clip in liquid
nitrogen and transferred into FEG 300 KeV transmission electron microscope
(Titan Krios) maintained at liquid nitrogen temperature. Electron micrograph
images were recorded on a Falcon camera (direct detector) with a pixel size
of 14 mm2, at 37,0003 magnification. Specimens were tilted from +70 to
70 at an interval of 0.5–1.0 tilt/image and an underfocus setting of
2 mm for all tilts. Low-dose data collection was followed to minimize radiation
damage, so that the final total electron dose was 40–80 electrons/A˚2. Post-im-
ages at larger underfocus were collected to analyze radiation damage during
data collection and for the ease of gold alignment for tomographic analysis
(Sandin et al., 2004).
Image Processing
Gold particles from electron micrographs in a tilt series, comprising up to 281
tilt angles, were aligned with error between 4 and 8 A˚. A filtered back-projec-
tion algorithm was used to reconstruct 3D densities from the micrograph and
their subsequent refinement was carried out using constrained maximum en-
tropy tomography (COMET) image processing software. COMET was used for
3D regularization and map generation. It was also low-pass filtered to 20–25 A˚
for averaging or comparison with other similar particles (Skoglund et al., 1986;
O¨fverstedt et al., 1997). The electron tomograms were visualized using BOB
1.2 (GNU general public license), and XTV was used for analyzing molecular
weights (volume rendering), iso-surface rendering, and preparations of final
figures of molecules (Skoglund et al., 1996, 1998).
Simultaneous Docking
Sculptor software version 1.2 (http://www.biomachina.org) was used for dock-
ing the atomic coordinates of NTS-DBL1a-CIDR1g domain from PDB entry
2XU0 on to the NTS-DBL1a-CIDR1g domain maps generated from electron
tomographic regularization (Birmanns et al., 2011).conjugated anti-human IgM antibodies.
n.
serum (obtained after SEC).
S-IgM. FCR3S1.2 parasites were thoroughly washed and incubated with either
e parasite was incubated with increasing concentrations of 12-mer heparin. The
with respect to rosetting rate in NS. The dotted line represents 50% rosette
combinant PfEMP1 in NS and NS-IgM. FCR3S1.2 parasites were thoroughly
concentration of PfEMP1 for 1.5 hr at 37C. The rosetting rate was scored, and
S. The dotted line represents 50% rosette reformation inhibition obtained with
ns between PfEMP1 and IgM lead to clustering of PfEMP1 and formation of an
nteracts with IgM (blue) in a 1:1 and 2:1 ratio, whereas NTS-DBL1a is exposed
, as PfEMP1 occupies its binding site.
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Negative Staining of PfEMP1, IgM, and PfEMP1-IgM Complex
Carbon-coated copper grids of 6-nm carbon layer thickness were airglow dis-
charged (for hydrophilic treatment) and 5 ml of sample was layered on it.
An equal volume of 2% uranyl acetate was applied on top of the sample.
Excess sample was blotted using Whatman filter paper. Grids were dried for
5 min and visualized under a 1230 TEM 100 KeV (JEOL) microscope at various
magnifications.
IgM-DBL Domains Binding ELISA
96-well micro-titer plates were coated with 10 mg/ml purified his-tagged re-
combinant DBL4ε, DBL5ε, DBL4-5ε, NTS-DBL1a-CIDR1g protein or BSA in
sodium bicarbonate buffer (pH 9.5) at 4C overnight. After washing with PBS
(pH 7.2), plates were blocked with 3% BSA (IgG-free) in PBS at room temper-
ature for 2 hr and then incubated for 1 hr with non-immune human IgM at con-
centrations ranging from 0.125 mg/ml to 10 mg/ml. Plates were washed four
times with PBST and incubated with a 1:5,000 dilution of anti-human IgM
conjugated to horseradish peroxidase (HRP) (DAKO) in PBS containing 2%
BSA for 1 hr. Plates were washed with PBST and developed using TMB sub-
strate (Sigma-Aldrich). Color development was stopped with 2 N HCl and
absorbance at 450 nm was measured using an ELISA plate reader (see also
Table S1).
Statistical Analysis
Results are expressed as themean ±SEM. One-way ANOVA (PrismGraphPad
version 3.0. software) was used to calculate the statistical difference among
experimental groups. p values < 0.05 were considered statistically significant.
IFA for IgM and PfEMP1 Costaining
FCR3S1.2 cultures were washed with PBS three times and incubated with
IgM-Alexa 488 for 20 min at room temperature (RT). Parasites were washed
thrice with PBS and incubated with goat anti-NTS-DBL1a-CIDR1g antibodies
for 30min at RT. Further, theywere washed thricewith PBS and incubated with
donkey anti-goat Alexa Fluor 594 and DAPI for 30 min at RT. After washing
three times with PBS, stained cells were visualized using an inverted Nikon
Eclipse TE2000-U fluorescent microscope equipped with a 603 oil-immersion
objective lens.
IgM Depletion from Human Serum
2 ml human serum was filtered and depleted of IgM using IgM binding col-
umn. Briefly, human serum was dialyzed against 50 mM phosphate buffer
(pH 7.5). Later, 1.2 M ammonium sulfate was added to serum and passed
through IgM purification column from GE and flow-through was collected.
Column was washed with phosphate buffer supplemented with ammonium
sulfate and bound IgM was eluted in 50 mM phosphate buffer (pH 7.5).
Flow-through (NS-IgM) and elute was thoroughly dialyzed against PBS in
2 kDa molecular weight cutoff (MWCO) Slide-a-lyzer. Flow-through was
concentrated using a 3 kDa MWCO Amicon (Millipore) to reach to normal
serum concentration (analyzed through Bradford assay). 10 mg protein from
NS and NS-IgM fraction was resolved on native PAGE, immunoblotted onto
nitrocellulose membrane, and detected with 1:10,000 dilutions of HRP-conju-
gated anti-human IgM (Jackson ImmunoResearch). The blots were washed
with PBST and developed with chemoluminescence reagents (Thermo
Scientific).
Rosette Disruption with 12-mer Heparin Oligomer
Highly synchronized trophozoitespRBCwereused for rosettedisruptionassays.
FCR3S1.2 culture was washed with PBS, and rosettes were disrupted by pass-
ing through an 18G needle. Further, to see the effect of IgM on rosette reforma-
tion and the affinity to receptor on uninfected RBCs, theywere allowed to reform
in the presence of either normal serum (NS) or normal serum-IgM (NS-IgM) for
1.5 hr at 37C. Once rosettes formed, an increasing concentration of heparin
12-merwas added in both sets of experiments and incubated at RT for 1 hr. Ro-
settes were counted under a microscope after acridine-orange staining of the
parasites, and rosetting rates were calculated with respect to NS.
Rosette Disruption with CR1/Anti CD35 Monoclonal Antibody
Highly synchronized trophozoites pRBC were used for rosette disruption as-
says. FCR3S1.2 or R29 culture were incubated with a CR1 monoclonal anti-
body (mAb) at (Anti CD35, DAKO) various concentrations or with a control
mAb of same isotype for 1.5h at 37C. Rosettes were counted under a micro-734 Cell Reports 14, 723–736, February 2, 2016 ª2016 The Authorsscope after acridine-orange staining of the parasites, and rosetting rates were
calculated with respect to HI-NS.
Rosette Reformation Assay with Purified IgM
Highly synchronized trophozoites were used for rosette reformation inhibition
assays. FCR3S1.2 culture was washed with PBS, and rosettes were disrupted
with 18G needles. Increasing concentration of purified IgM was added and
incubated for 1.5 hr at 37C. Rosette reformation in presence of NS was
used as positive control. To score rosetting rate, rosettes were counted under
a microscope after acridine-orange staining of the parasites.
Rosette Reformation Inhibition in the Presence of PfEMP1
Highly synchronized trophozoites pRBC were used for rosette reformation in-
hibition assays. FCR3S1.2 culture was washed with PBS, and rosettes were
disrupted by passing through an 18G needle. pRBCs were incubated with
NS or NS-IgM along with increasing concentrations of recombinant PfEMP1
for 1.5 hr at 37C. The rosettes were counted after acridine-orange staining
of the parasites, and the rosetting rates were calculated with respect to rosett-
ing in NS where no protein was added.
Complement Activity Assay
We performed CH50 assay with the kit available from HaemoScan. Briefly,
50 ml washed and sensitized sheep RBCs was mixed with 50 ml of various di-
lutions of NS, HI-NS, lyophilized plasma control (positive control), and RBC
dilution buffer (negative control) at 37C for 30min in a 96-well U-bottom plate.
After 30 min, the reaction was stopped with 100 ml stop solution. The reaction
mixture was centrifuged at 400 3 g for 5 min. 100 ml supernatant was trans-
ferred into a fresh flat-bottom 96-well plate. Optical density was recorded at
415 nm.
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